Introduction
Entry of enveloped viruses into host cells requires binding of the virus to one or more receptors present at the host cell surface followed by fusion of the viral envelope with a cellular membrane. After binding, viruses such as paramyxoviruses, retroviruses and herpesviruses are thought to fuse directly with the plasma membrane. For other viruses, including the alpha-, rhabdo-and orthomyxoviruses, binding does not directly lead to fusion. Instead, the bound virus particles are first internalized and then, at the low-pH within this compartment, fuse with the endosomal membrane.
In this review, we will focus on this latter class of viruses. For alpha-, rhabdo-and orthomyxoviruses, a glycoprotein is responsible for both virus attachment and fusion. In the acidic environment of the endosome, the ectodomain portion of the glycoprotein undergoes a major structural rearrangement to generate a fusioncompetent state. Activation of the fusion capacity is now generally assumed to involve the exposure of a fusion peptide or domain, which in turn interacts with and destabilizes one or both of the participating membranes. Somehow, this interaction must lower the activation energy needed for membrane deformation and generation of fusion intermediates.
Despite extensive work, mainly on influenza virus, the actual mechanism of the fusion process is still obscure. Fusion involves at least four partners: the target membrane, the viral membrane, the fusogenic glycoprotein(s) and the water located between the membrane bilayers. Strong binding of water to the lipid polar head groups accounts for the so-called hydration force which becomes highly repulsive as membranes approach each other at distances less than 2 nm (Rand, 1981) . Although * Author for correspondence. Fax +33 76 20 71 99.
e-mail ruigrok @embl.embl-grenoble.fr there is considerable knowledge regarding membrane lipid structure and properties, including estimates of the energetics of formation of putative fusion intermediates (Siegel, 1993) , it is unclear how proteins can lower these barriers. Because of the structural complexity of the fusion site and dynamics of the system, it is difficult to obtain direct molecular information on the fusion process. Thet'efore, this information must be derived from measurements of bulk properties, such as the kinetics of mixing of membrane lipids or aqueous contents, e.g. by using fluorescence-based assays (Struck et al., 1981 ; Hoekstra et al., 1984; Stegmann et al., 1993 ; Sarkar et al., 1989) . From these data it is clear that fusion is a complex, highly cooperative process. More recently, patch-clamp studies have allowed the measurement of electrical conductance between two fusing cells. These results suggest the appearance of a so-called fusion pore, an aqueous connection between the fusing compartments (Spruce et al., 1989 (Spruce et al., , 1991 Tse et al., 1993; Zimmerberg et al., 1994) . Clearly, any consideration of possible fusion mechanisms must be based on the structures of fusion proteins and the conformational changes occurring during the activation step and the fusion reaction itself. Recent findings from X-ray protein crystallography and electron microscopy (EM) have provided important clues as to the conformational changes that may accompany the fusion process. By making use of hydrophobic photolabelling techniques, substantial progress has also been made in identifying those segments which directly interact with the membrane lipids. A major objective of the present review is to give a brief overview of these techniques and a critical appraisal of the recent findings. Y. Gaudin, R. W. H. Ruigrok and J. Brunner information on the fusogenic glycoprotein is available (reviewed by Wiley & Skehel, 1987) . Fusion is mediated by a single glycoprotein, the haemagglutinin (HA) which is also responsible for virus attachment to sialic acid, the viral receptor.
HA is a homotrimer, each subunit consisting of an HA 1 and HA 2 chain connected through a single disulphide bond. Treatment of virus with bromelain releases the HA ectodomain by cleaving just above the HA2 carboxy-terminal membrane anchor. This soluble form, called BHA, has been crystallized and its X-ray structure determined (Wilson et al., 1981) . Most of BHA2 forms a fibrous triple coiled-coil and HA 1 is situated at the top of this coil and contains the antigenic sites and the receptor binding domain.
At low pH (between pH 5 and 6, depending on the strain), HA (and BHA) undergoes a conformational change (Skehel et al., 1982; Doms et al., 1985) . During this structural rearrangement, the highly hydrophobic amino-terminal peptide of HA2, the so-called 'fusion peptide' which is initially buried in the native structure, is exposed and causes the protein to aggregate or to bind to detergent micelles or lipid bilayers. This amino terminus plays a decisive role in the fusion process as suggested by the following observations.
(i) Cleavage of HA 0 (the precursor form of HA) into HA1 and HA 2 generates the HA 2 amino terminus and is required for virus infectivity (Lazarowitz & Choppin, 1975) and for in vitro membrane fusion (White et al., 1982a) .
(ii) The amino-terminal part of HA2 is the most conserved region in HA (Wilson et al., 1981) and is homologous to the amino terminus of the fusogenic (F) protein of Sendai virus (White et al., 1983) .
(iii) Mutations in the fusion peptide modify or abolish the fusion properties of HA (Daniels et al., 1985; Gething et al., 1986) .
(iv) Synthetic peptides corresponding to the aminoterminal part of HAz interact with and destabilize lipid bilayers (Lear & Degrado, 1987; Wharton et al., 1988; Clague et al., 1991a; Rafalski et al., 1991) .
The interaction of the fusion peptide with membrane lipids is thought to represent a key step in fusion. However, in the native HA structure the HA 2 amino terminus is found 10 nm from the distal tip and 3.5 nm from the membrane end of the molecule. This raises two important questions: what are the conformational changes required for the exposure of the fusion peptide and does the fusion peptide interact with the target or the viral membrane or both?
It is likely that all influenza virus A strains fuse in the same manner and that all HA subtypes undergo essentially the same low-pH conformational change. However, some fine details of this change, such as the pH threshold for the change and hence for fusion, kinetic parameters and fusion behaviour at low temperatures, may differ between strains. Therefore, we will often specify the subtype on which the results were obtained. Most of the work has been done on A/PR/8/34 (H1N1) and A/X-31 (H3N2). There exists some controversy over the low-pH behaviour of HA of the H2 subtype but we will not discuss this. All the crystallographic work on native and low-pH BHA was done on BHA isolated from A/X-31 virus. We will not discuss data on fusion by influenza B and C strains. In particular, the kinetics of fusion by influenza C virus seems to be different from those of A type virus (Formanowski et al., 1990) .
Kinetics of fusion
Early experiments on HA expressing fibroblasts fusing with prebound red blood cells (RBCs) containing octadecylrhodamine (R18, a fluorescent probe that is incorporated into the RBC membrane at self-quenching concentrations) have shown that fusion is preceded by a lag-phase Morris et al., 1989) . This lag increased with pH up to the threshold pH for fusion and decreased with higher temperatures. Similar results were obtained with intact virus (X31 strain, H3 subtype) fusing with liposomes at 0 and 37 °C (Stegmann et al., 1990) . This delay before the onset of fusion is also detected when cytoplasmic continuity between RBC and HA expressing fibroblasts is followed using the NBDtaurine assay . The delay is not associated with a phase transition in the fusing membranes because there was a difference of about an order of magnitude in the lag-time between 27 and 37 °C . It is unlikely that membrane fluidity or slow diffusion of the fluorescent probes can give rise to such a difference since no phase transition in the RBC membrane is detected between these two temperatures. Finally, the lag is not due to slow binding of the virus to the target membrane (or the RBC to the HA-expressing fibroblasts) because the RBCs were prebound to the fibroblasts Morris et al., 1989) and, for the experiments performed with viruses, all virus was bound to the liposomes in less than 15 s whereas, under the same conditions, the lag was longer than 4 min (Stegmann et al., 1990) .
The events occurring during the lag-phase are additive and irreversible (Stegmann et al., 1990; Morris et al. 1989) . In fact, it seems that the lag is composed of at least two stages: the first is relatively rapid and is required for commitment of HA to a fusogenic state; the second appears to be pH-independent Kaplan et al., 1991) . This is supported by pH-switching experiments in which the pH is quickly increased during the lag-time Kaplan et al., 1991; Schoch et al., 1992) . Once the committed state has been reached, fusion can be followed at neutral pH and 37 °C. However, at neutral pH and 4 °C, no fusion is detected and apparently HA remains in the committed state and thus retains its ability to fuse after a temperature shift to 37 °C for long periods of time (Schoch et al., 1992) .
It has been demonstrated that the lag-time depends both on HA density and on target membrane lipid composition (Clague et al., 1991 b) . The dependence on HA density suggests that more than one HA trimer is involved in the fusion complex, consistent with the results of Ellens et al. (1990) who showed that a cell-line, expressing 1.9 times more HA than another, showed 4.4 times more fusion per bound liposome.
Finally, recent application of the patch-clamp technique to virus fusion has made observation of single fusion events possible. An early event in HA induced membrane fusion is the formation of a fusion pore, i.e. an aqueous connection between an RBC and an HA expressing fibroblast (Spruce et al., 1989 (Spruce et al., , 1991 . Similar observations were made when influenza virus infected MDCK cells were fused with planar membranes (Melikyan et al., 1993a, b) . The initial diameter of the pore is that of a large ion channel (Spruce et al., 1989; Melikyan et al., 1993 a, b) . It seems that during this step, the pore is able to open and close repeatedly as suggested by conductance fluctuation between 0 and about 600 pS. After this flickering stage, the pore dilates to a fully opened stage (Spruce et al., 1989; Melikyan et al., 1993 a) . The combination of patch-clamp with video imaging and quantitative image analysis has indicated that pore formation precedes lipid mixing which suggests that the earliest fusion event is the formation of a proteinaceous pore (Tse et al., 1993) . The flux of relatively large aqueous dyes from one fusion partner to the other starts after the onset of lipid mixing (Zimmerberg et aL, 1994) . These last authors have suggested that, upon lowering the pH of a mixture of HA expressing cells and RBCs, initially multiple small pores are formed, like a sieve, that subsequently further dilate or merge together to form a pore large enough to allow bigger molecules to pass.
Contradicting the idea of a fusion pore, it has been suggested that an intermediate on the pathway to complete fusion was hemifusion (i.e. merging of the outer, but not the inner leaflets). This followed from results obtained with fibroblasts expressing a glycosylphosphatidylinositol (GPI)-anchored HA, which were not able to establish cytoplasmic continuity with RBCs but mediated lipid mixing as efficiently as wt-HA (Kemble et al., 1994) . However, the lack of the transmembrane region may have an influence on the earliest step of fusion (i.e. on the formation of a potential fusion pore). As no electrophysiological data on fibroblasts expressing GPI-anchored HA have been published, this problem is not settled.
Low-pH induced conformational change in HA
The influenza virus HA can be found in two significantly different conformations, the native and the low-pH conformations. The structural transition between these two conformations accompanies the fusion process (Skehel et al., 1982; Doms et al., 1985) . However, when the pH is lowered without a target membrane being present, the conformational change leads to inactivation of the fusion activity (White et al., 1982b) . The low-pH conformation of HA discussed here is probably associated with the low-pH inactivated form. However, since it has been suggested that the rate limiting step in the fusion of influenza virus depends on the same process as that leading to inactivation (Ramalho-Santos et al., 1993) , the low-pH inactivated form may tell us something about the mechanism of fusion. Fig. 1 illustrates the discussion that follows and schematically pictures the two HA structures. Similar pictures may be found in another recent review paper that compares the structures of native and low-pH HA (Hughson, 1995) . Native HA on the viral surface is cleaved close to the viral membrane by the protease bromelain at residue 1752 to give the water soluble ectodomain, BHA (residues from HA 1 and HA 2 are indicated by subscripts 1 and 2). Fig. 1 illustrates the structure of BHA 2 in native BHA (from Wilson et al., 1981) . By low-pH treatment, a major conformational change is induced in the HA 2 subunit, leading to exposure of the fusion peptide, to loss of the interactions between HA 2 and HA 1 and to dissociation of the HAl-HA 1 interface. HA in which the HA1 subunits are cross-linked via an engineered disulphide bond cannot undergo the low-pH change (Godley et aL, 1992; Kemble et al., t992) . As a result of the low-pH conformational change, BHA aggregates into rosettes through interactions between the newly exposed hydrophobic fusion peptides (Skehel et al., 1982; Daniels et al., 1983) . The major part of the low-pH HA 1 domain can be removed by digestion with trypsin which cleaves after residue 271 (Skehel et al., 1982) . The fact that after the low-pH conformational change HA 1 can still bind to the viral receptor (Sauter et al., 1989) and is still recognized by monoclonal antibodies against native HA (Daniels et al., 1983; Webster et al., 1983; Yewdell et al., 1983 , White & Wilson, 1987 suggests that the monomeric structure of HA 1 is not significantly modified at low pH. Recently, the HA 1 fragment released upon endoproteinase Lys C treatment of low-pH HA was crystallized as a complex with a monoclonal antibody Fab fragment. The structure of the HA 1 monomeric molecule was found to be similar to Native BHA 2. BHA-fragment showing all the elements that are present in low-pH BHA~ after trypsin treatment, but as they were positioned in the native conformation. The remaining part of HAa (residues 157) is cross-hatched and is linked by a disulphide bond to strand F of BHA 2 (between residues 141 and 1372). The HA a (Na) and BHA 2 (N2) amino termini are the original HA termini; the BHA 2 carboxy terminus (C2) is produced by the bromelain cut, near the original trans-membrane part of HA S.
TBHA 2 as if native. TBHA~ showing all the elements that remain after thermolysin treatment of low-pH BHA~, but as they were in the native conformation. For simplicity, the random strands of HA a (between N 1 and the t-strand and between the t-strand and Ca) have been left out. Thermolysin removes the fusion peptide (N2) and the two t-strands below helix A.
Actual TBHA 2 X-ray structure. TBHA 2 in the low-pH conformation as determined by Bullough et al. (1994b) . Note how the different segments have changed in relative orientation. Segment B becomes helical and helix CD of the native HA bends into two helices. The bending stretch from 1052 to 1132 is the region where, in the native HA, the fusion peptide is accomodated into the trimer interface. Helix H and C 2 are not visible in the TBHA~ structure, probably because of disorder.
Low-pH HA S on the viral membrane. Orientation of low-pH inactivated HA s on virus that has not undergone fusion. Both C~ (membrane anchor) and N 2 (fusion peptide) are inserted into the viral membrane and the molecule has an inverted orientation compared to native HA on the virus (Wharton et al., 1995) .
After removal of HA 1, the resulting low-pH BHA 2 is still in the form of rosettes but these can be further solubilized by digestion with thermolysin which removes the fusion peptide (N 2 in Fig. 1 ) plus two antiparallel tstrands up to residue 38~ at the bottom of the original short helix in HA 2 (helix A in Fig. 1 ; Daniels et al., 1983; Ruigrok et al., 1988) . The resulting soluble structure, called TBHA~, was crystallized and recently its structure was published (Bullough et al., 1994a, b) . TBHA 2 is trimeric and consists mainly of a large triple helical coiled-coil made up of helix ABC (Fig. 1) . Upon the conformational change, the CD helix in native BHA 2 breaks at the C-D connection at the level where, in the native structure, the fusion peptide was inserted into the trimer interface. The low-pH structure shows a connecting loop from 1052 to 1133 and the remainder of helix D folds back in an antiparallel manner against helix C. The small/?-sheet consisting of HAs strands E and F and the hatched HA t strand moves with helix D and turns 180 ° compared to helix C. At the amino-terminal end of helix C the TBHA~ structure shows an extension of the helix by recruiting loop B and further extending with helix A into a new ABC helix.
The TBHA 2 structure is in agreement with the large body of biochemical and biophysical data on low-pH HA, BHA and TBHA~ (Wiley & Skehel, 1987) . As discussed in Bullough et al. (1994b) , the structure agrees with the available EM observations and the fusion mutations described in Daniels et al. (1985) are found in contact regions that are altered upon the conformational change. The length increase of the triple coiled-coil, and formation of a new and extensive hydrophobic core may also explain why low-pH BHA 2 is much more heat-stable than native BHA (Ruigrok et al., 1986b .
During the production of TBHA2, the fusion peptide with the adjoining fl-strands is removed in two subsequent thermolysin cleavage steps. The first cut removes residues 1-23 and results in solubilization of the rosette and shortening of BHA 2 from 15 to 13 nm; the second step removes residues 24-37 with a further shortening to 10.5 nm . This suggests that in lowpH BHA 2 the fusion peptide is situated at the tip of A in the long helix of TBHA 2. This defines one end of the elongated structure. The BHA2 carboxy terminus is not ordered in TBHA~, which means that it could possibly be located either at the same extremity as the fusion peptide or at the opposite end. (both possibilities are mentioned in Bullough et al., 1994b) . Note that the BHA 2 carboxy terminus was originally connected to the trans-membrane region in virus-bound HA and it is extremely likely that this membrane domain remains associated with the viral membrane after the low-pH conformational change. If the TBHA 2 amino and carboxy termini are located at opposite ends of the elongated molecule, then the fusion peptide could interact with the target membrane. In this way HA could bridge target and viral membranes, although they would still be separated by 12 to 15 nm, the length of low-pH HA. If both termini are located at the same end of TBHA 2, then the fusion peptide in intact HA would reach towards the viral membrane, which could correspond to the final low-pH conformation of the fusion inactive form. There are several indications that the fusion peptide of low-pH inactivated HA is indeed inserted into the viral membrane. Upon low-pH treatment of detergent isolated, intact and native HArosettes in the absence of target membranes, it was observed that they did not aggregate but showed an increase of material at the rosette centre, at the position of the trans-membrane segment (Ruigrok et al., 1986a) . Another indication comes from photolabelling experiments with a hydrophobic probe in the viral membrane (Weber et al., 1994) , described in the following section.
Finally, in negative stain EM, isolated soluble TBHA 2 has very similar dimensions to low-pH HAs on the viral surface (Ruigrok et al., 1986a; 1988) , which sticks out of the membrane in an upright manner. Recently, Wharton et al. (1995) have determined the orientation of low-pH HA s on the viral membrane in relation to the TBHA 2 crystal-structure. Using monoclonal antibodies against loop 1052-1132 and against a carboxy-terminal region, they were able to show that the loop is located at the membrane distal tip of low-pH HA s. Further, low-pH treated BHA that was inserted into liposomes with its fusion peptide only had the same topology and morphology as low-pH HA, also strongly suggesting that low-pH HA on virus has both carboxy and amino termini inserted into the viral membrane, as depicted in Fig. 1 .
Hydrophobic photolabelling of HA
One of the most direct approaches to investigate hydrophobic protein membrane interactions is hydrophobic photolabelling, a technique that makes use of the ability of photoactivatable lipids to covalently modify those polypeptide segments of proteins which directly contact the membrane hydrophobic core (for reviews see Brunner, 1989a Brunner, , 1993 • In the following paragraphs, we will describe the basic elements of this technique and give a critical appraisal of its application in gaining a better understanding of HA-membrane interactions and HAinduced fusion.
Principles of hydrophobic photolabelling.
A reagent designed to label the apolar core of a membrane must satisfy two main criteria: first, it must itself be restricted to the hydrophobic membrane phase, and, second, the reagent must be reactive enough to attack and covalently modify membrane embedded segments which are rich in, or composed entirely of hydrophobic amino acids. The first goal can be achieved by using very hydrophobic molecules, or better still, reagents structurally related to phospholipids. To overcome the reactivity barrier the actual reagent is generated in situ by UV irradiation of a suitable photolabile precursor molecule. Among the large variety of reagents developed for this purpose, those containing the 3-trifluoromethyl-3-phenyl diazirine (TPD) group seem to come closest to meeting the desired chemical and biological criteria (Fig. 2 shows the various reagents discussed here). When irradiated, a highly reactive and very short-lived (estimated life time 10 -9 s) carbene is generated, capable of reacting even with saturated C-H bonds. Beside the physical distribution of the reagent, it may be relevant also that a carbene generated within an aqueous medium is efficiently quenched by water. Therefore, labelling of the hydrophilic surface of a protein can virtually be ruled out, also for chemical reasons.
Four of these reagents have been used extensively to study the interaction of HA with membranes. The first, [I~SI]TID, is a simple hydrophobic molecule which partitions into and rapidly equilibrates between membranes (lipid/water partition coefficient approximately 40000). The other three reagents are analogues of phosphatidylcholine, differing in isotopic label and specific radioactivity and in the rate at which they undergo spontaneous exchange between membranes.
[aH]PTPC/ll and [125I]TID-PC/16 are exchanged at very slow rates, comparable to those of natural phospholipids, whereas transfer/exchange of [3H]PTPC/8-2 is relatively fast, a result of the hydrophilic ether linkage connecting the TPD-group with the sn-2 fatty acyl chain (Brunner et al., 1983) . Incorporation into membranes of the nonexchangeable lipids can be accomplished by reconstitution or by PLEP (12hospholipid exchange protein)-catalysed phospholipid exchange, a convenient procedure to dope a preformed biological membrane (Weber et al., 1994) . Since the photoreactive group is attached to the co-end of the sn-2 fatty acyl chain, it was expected to occupy predominantly a central region of the lipid bilayer. However, actual experiments have revealed a rather broad transverse distribution (the chains can loop back) reflecting the fluidity of the membrane. A reagent (DiPETPD) whose photoactivatable group is expected to be localized within a more restricted depth has recently been developed (Delfino et al. 1993) . This is a bipolar molecule long enough to span the entire bilayer.
HA membrane interactions as studied by hydrophobic photolabelling. The first applications of hydrophobic photolabelling largely confirmed previous suggestions, namely that the acid-induced interaction between BHA and liposomes is mediated by the BHAz fusion peptide (Harter et al., 1988 (Harter et al., , 1989 . Edman degradation of the [125I]TID-labelled BHA 2 allowed the identification of individual amino acids labelled within the fusion peptide. These data, together with other studies such as CD measurements on synthetic fusion pepides (Lear & DeGrado, 1987; Wharton et al., 1988) , led to the proposal that, upon interaction with membranes, the fusion peptide adopts the structure of a sided a-helix that is likely to penetrate only a single leaflet of the membrane (Brunner, 1989b) . However, BHA-membrane interaction cannot be fully described by a simple model. In fact, labelling of BHA~ of the A/PR/8/34 strain is increased approximately fourfold as the temperature is raised from 15 to 38 °C (Brunner et al., 1991) . This could either mean that at 38 °C a larger proportion of the BHA molecules interacts with the membrane, or that the mode of interaction is qualitatively different, possibly even involving different secondary structures. This finding may be relevant, as this temperature dependence shows a remarkable correlation with that of the fusion activity of intact A/PR/8/34 virus.
The finding that influenza virus rapidly binds to membranes but fuses only after a lag-phase of several seconds to minutes, depending on the temperature (Stegmann et al., 1990) , provides an experimental basis for investigations of the molecular mechanism of the prefusion virus-target-membrane interaction. Photolabelling of virus incubated with liposomes containing the nonexchangeable photoreactive lipid [aH]PTPC/ll was expected to identify the HA segment mediating this interaction. For several reasons, however, the actual experiments proved difficult (Stegmann et al., 1991; Tsurudome et al., 1992) . In the case of A/PR/8/34 virus, which was examined in more detail, labelling of HA was extremely weak, amounting to less than 0.01% of the total radiolabel originally present. Nonetheless, it was clear that HA s and not HA 1 was labelled, but weak labelling of HA~ was seen also at pH 7. This raised the question whether the observed HA 2 labelling was truly a result of HA2-target membrane interaction, or simply reflected either artifactual transfer of traces of label from the target into the viral membrane, or fusion of a small fraction of virus particles at 0 °C with subsequent labelling of the HA 2 carboxy-terminal anchor. An answer came from analyses of the distribution of radioactivity among NTCB (2-nitro-5-thiocyanobenzoic acid) fragments of labelled HA2. They confirmed that at least for A/PR/8/34 virus the HA 2 amino-terminal segment inserts into the target membrane under prefusion conditions. In the case of X-31 virus, no suitable fragmentation scheme has yet been found, and the possibility remains that the majority of the 'prefusion' labelling was due to fusion known to take place at 0 °C for this viral strain. In fact, it is difficult to exclude any fusion during the lag-phase.
Under prefusion conditions, HA spikes, as revealed by EM, appear to retain a native-like morphology (Stegmann et al., 1987) . Thus, how can the fusion peptide of HA 2 interact with the membrane? The most likely answer is that the interaction involves only a small fraction of HA molecules and that during the short acid treatment at 0 °C the majority of HA molecules retain their native structure. This follows from the finding that treatment of prefusion-labelled virus with bromelain produced soluble BHA indistinguishable from BHA from native virus. BHA isolated from labelled virus was completely devoid of radioactivity, suggesting that the small fraction of labelled HA had been totally degraded by the protease (Tsurudome et al., 1992) . It is still an open question why at 0 °C a small fraction of the HA2 molecules is rapidly converted into the acidic conformation while the bulk of the HA trimers appears to remain in the native form.
When virus and [3H]PTPC/ll-containing liposomes were allowed to fuse by increasing the temperature, HA s became labelled at least 200 times more strongly than under prefusion conditions, probably because upon fusion and lipid mixing the HA 2 carboxy-terminal anchor becomes accessible to the reagent (Tsurudome et al., 1992) . However, the fusion peptide was much more strongly labelled (at least 50 times) than under prefusion binding conditions. This either suggests that in the course of fusion massive penetration of fusion peptides occurred, or that the membrane inserted fusion peptides change their conformation so that they can be more efficiently labelled. However, because of the relatively small size of the fusion peptide (approximately 23 residues) and the none-discriminating nature of the carbene, it is unlikely that the increase in labelling was solely due to a different conformation. Thus, it seems that the labelling increase is caused by increased peptide insertion. This increase of insertion may take place prior to the actual fusion event and may either be directed to the target or the viral membrane, or it may occur after fusion and in this case would not be directly related to fusion. Clearly, with the above approach (label in the target membrane) it was not possible to distinguish between these possibilities.
We would like to point out a topological issue which was recently mentioned (Bullough et al., 1994b; Weber et al., 1994; Hughson, 1995) but which we would like to develop somewhat further. If the fusion peptide inserts into the target bilayer and remains associated with it, subsequent fusion would bring the fusion peptide into the membrane which already contains the HA2 carboxyterminal membrane anchor. In other words, while prior to fusion the HA2 is anchored simultaneously in two membranes (we may call this 'trans' configuration), fusion would lead to a 'cis' configuration (both ends in the same membrane). Thus, it seems reasonable to assume that the 50-fold increase in labelling of the fusion peptide was due to the bulk of HA molecules, not actively involved in fusion, undergoing a conformational transition with insertion of the fusion peptide into the viral membrane. To test this hypothesis, the photoreactive probe was inserted into the viral membrane (Weber et al., 1994) . Treatment of the virus at 37 °C and pH 5 in the absence of a target membrane, conditions leading to virus inactivation, led to the same distribution of labelling as seen when the label had been placed into the target membrane, i.e. the fusion peptide was strongly labelled. These results strongly support the view that the HA 2 amino-terminal segment can insert into the viral membrane, as also suggested from EM analyses mentioned above.
Toward a model for influenza virus induced fusion
In this section we will speculate on how the low-pH conformational change in HA may accompany membrane fusion by developing further the implications of the kinetic data, the recent structural findings and the photolabelling results presented above. Our premise is that the unique TBHA2 structure is relevant to the fusion process. However, what we present is not a real model in the sense that we do not describe membrane deformation or fusion intermediate morphology. Also, we do not try to give an estimate of the activation energy involved in the process.
In previous fusion models it was assumed that a single low-pH HA trimer could interact through its fusion peptides with both the target and the viral membrane. The low-pH conformation was thought to be ahnost identical to the native conformation with only the fusion peptides extruded and interaction with both membranes was thought to be possible with low-pH HA lying flat on the viral surface (see, e.g., Stegmann et al., 1990; Stegmann, 1994) . However, the TBHA 2 structure suggests that there are major structural differences between native and low-pH HA and that the elongated and 'polarized' molecule does not allow interaction of the fusion peptides of the same HA trimer with both membranes at the same time. Photolabelling experiments show that a small sub-set of fusion peptides interacts with the target membrane whereas most other peptides insert into the viral membrane. Thus, in the initial step, the fusion peptide may be exposed and displaced toward the distal end of the HA molecule where it can insert into the target membrane by elongation of the coiled-coil and the formation of the long ABC helix. This would agree with the ideas of Carr & Kim (1993) of a 'spring-loaded' HA structure. However, although the photolabelling experiments clearly suggest that the fusion peptide inserts into the target membrane at prefusion conditions, there is no direct proof that the peptide initially moves to the distal end of HA. It remains possible that the peptide exposure is lateral.
Prefusion binding of the fusion peptide to the target membrane at 0 °C is rapid, whereas fusion is slow (strain X-31) or absent (strain A/PR/8/34) and a rise in temperature is needed for fusion to proceed. This could suggest that the conformation of HA interacting with the target membrane is a transient one, an intermediate along the pathway from the native to the final, most stable conformation. Subsequent changes, requiring elevated temperatures, may then relocate the HA 2 aminoterminal segment 'back' toward and into the viral membrane, a rearrangement that may cause the two membranes to come together to a point where fusion becomes a favourable event. In other words, HA could act as a conformational energy-driven device that deforms the membrane, exposes locally hydrophobic domains and promotes fusion through long-range hydrophobic attractive forces. The end-state of the low-pH conformational change would be the low-pH HA2 molecule as depicted in Fig. 1 with both amino-and carboxy-terminal ends embedded into the viral (fused) membrane. As in other models of fusion, the combined forces of several HA trimers may be required. According to such a scenario, inactivation could be viewed as a ' default' pathway along which the fusion peptide fails to associate with the target membrane, and, hence, inserts directly into the viral membrane.
However, although it is quite simple to imagine how the fusion peptide could shoot up to the target membrane, with or without breaking the CD helix, it is topologically very difficult to go from the native HA trimer to the TBHA 2 trimer if the fusion peptide is to go down to the viral membrane. To do so in intact HA, either the long helix has to lie flat on the viral membrane, which is already closely packed with HA and NA, and the fusion peptide then inserts into the viral membrane after which the structure lifts up again (all with loss of trimer symmetry), or the ABC helix has to roll inside-out (like a nylon stocking) which also seems highly unlikely, or the native HA trimer dissociates into monomers and a new TBHA 2 trimer forms, not necessarily consisting of the same subunits as the original, native trimer. In this last possibility, fusion would depend strongly on the HA concentration in the membrane which is indeed the case (Ellens et al., 1990) although it could be unrelated. Recently, opening up of the ABC helix was suggested from EPR (electron paramagnetic resonance) measurements on the interaction of a synthetic peptide (HA2 residues 54-93) with liposomes (Yu et al., 1994) . The interactions of lipids with this synthetic peptide would be ideal for further study using the above described photolabelling techniques.
Further important questions concern the nature of the ' fusion pore'. If HA 2 inserts into the target bilayer in a long coiled-coil structure and assembles to a ring-like proteinaceous structure with a small internal pore, it is difficult to imagine why such a structure would not be stable and why and how it would dilate by allowing lipids to intercalate into the originally proteinaceous pore. Interestingly, using mutant HAs mutated in their fusion peptide, Schoch & Blumenthal (1993) have shown that the first kinetic processes (i.e formation of small pores and membrane continuity) are insensitive to the structure of the fusion peptide but that the fusion peptide appears to play a decisive role in later events such as pore widening.
Rhabdoviruses

General
The rhabdoviruses possess only one trans-membrane glycoprotein (G). For vesicular stomatitis virus (VSV) and rabies virus it has been shown that the spikes protruding at the viral surface are trimers of G (Balch et al., 1986; Kreis & Lodish, 1986; Doms et al., 1987; Whitt et al., 1991; Gaudin et al., 1992) . G is responsible for viral attachment to the host cell surface and for membrane fusion (Florkiewicz & Rose, 1984; Riedel et al., 1984; Metsikk6 et al., 1986; Whitt et al., 1991) . There is no X-ray structural information available for a rhabdovirus glycoprotein, a fact which limits understanding of the fusion process. The oligomeric structure of native G is not very stable once it has been extracted from the viral membrane with detergent (Gaudin et al., 1992) . In the case of VSV there exists a dynamic equilibrium between monomers and trimers of G, both in vitro after solubilization with octylglucoside (Lyles et al., 1990; Wilcox et al., 1992) and in vivo in the endoplasmic reticulum (Zagouras et al., 1991) .
Kinetics of fusion
Fusion of rhabdoviruses with liposomes or ceils has been studied using the same fluorescence techniques as for influenza virus. Neither VSV (Yamada & Ohnishi, 1986; Herrmann et al., 1990) nor rabies virus (Gaudin et al., 1991) show a specific phospholipid requirement for fusion, nor is a receptor required in the target membrane. On the contrary, it seems that phosphatidylserine, which is supposed to be the VSV receptor (Schlegel et al., 1983) , is inhibitory for fusion (Puri et al., 1992) .
For both viruses, the optimal pH for fusion is around pH 5.8-6 but for both viruses fusion is still detected at pH 6.2-6"3. As for influenza virus, fusion of rhabdoviruses is preceded by a lag-time, the duration of which increases with lower temperature (Gaudin et al., 1991 Clague et al., 1990) . In the case of VSV, this lagtime is clearly not due to slow binding of virus to target membranes as it is detected in experiments where virus is prebound to target cells .
As in the case of influenza virus, preincubation of virus at low pH in the absence of a target membrane inactivates the fusion properties Gaudin et al., 1991 Gaudin et al., , 1993 . In the case of rabies virus a 2 h incubation at 37 °C and pH 6'7 (a pH at which no fusion is detected) totally inhibits the viral fusion properties . This is different from influenza virus for which fusion and fusion inactivation occur at the same pH (White et al., 1982b; Wharton et al., 1986; Stegmann et al., 1987) . Another major difference is that inactivation of rhabdoviruses can be reversed by raising the pH.
Conformational changes of rhabdovirus glycoproteins at low pH
Conformational changes of the rhabdovirus glycoprotein at low pH were first demonstrated for VSV. Crimmins et al. (1983) showed that a monomeric soluble form of VSV G, cleaved from virus with cathepsin D, acquired hydrophobic properties when incubated at low pH. Later Doms et al. (1987) demonstrated that the trimeric form of G (solubilized with Triton X-100) was stabilized at low pH. These conformational changes appear to be reversible after restoring the pH to above 7.
More recently, low-pH induced structural changes in rabies virus G were described in relation to fusion. The conformational changes were studied by EM, sensitivity of G to proteases and monoclonal antibody binding assays (Gaudin et al., 1991 . Immediately after acidification below pH 6'7, at least some spikes are more hydrophobic than native spikes and are able to interact with the target membrane in a hydrophobic manner, different from that at neutral pH ; P. Durrer, Y. Gaudin, R.W.H. Ruigrok & J. Brunner, unpublished results) . This hydrophobic interaction between G and the target membrane could constitute a first step in the fusion process. However, a second protonation step on lowering the pH to about 6.2 is necessary for fusion. In the absence of a target membrane, this hydrophobic state induces the formation of viral aggregates which are stabilized at low pH and low temperature. This aggregation has also been observed for VSV (Puri et al., 1988) . Longer times of incubation at pH 6'7 or lower leads to a subsequent conformational change which is associated with fusion inactivation. In EM, inactivated G appears to be longer than native G from which it is also antigenically distinct . Inactivated G, which is highly sensitive to proteases (Gaudin et at., 1991) , is in a dynamic equilibrium with native G. This equilibrium is shifted toward the inactivated form at lower pH and reaches about 50 % native-50 % inactivated G around pH 6'7.
As discussed for influenza virus, the major conformational change of HA, although inhibitory in the absence of a target membrane, is supposed to play a decisive role in the fusion process. In the case of rabies virus, the fact that inactivation is detected at a pH where fusion is not observed and the finding that different strains of rabies virus have different kinetics of inactivation but similar fusion properties (Y. Gaudin, C. Tuffereau, P. Durrer, A. Flamand & R. W. H. Ruigrok, unpublished results) , strongly suggest that the conformational change leading to inactivation is irrelevant to the fusion process. Using immunofluorescence of rabies virus infected cells, we found that G is synthesized in an acidic, inactive-like conformation which it retains during transport to the cell surface, since the Golgi apparatus is an acidic compartment. In this manner, G does not induce fusion of cellular membranes during its transport to the cell surface. Once at the cell surface, G acquires its native structure by a reversible conformational change (Y. Gaudin, C. Tuffereau, P. Durrer, A. Flamand & R. W. H. Ruigrok, unpublished results) .
The low-pH induced change of influenza HA is irreversible and leads to low-pH HA which is considerably more stable than native HA. The energy released by the conformational change is probably used to drive the membrane fusion process. It is unlikely that the equilibrium between native and inactive G could drive fusion in the same way as the differences in energy involved are probably very small. Therefore, it is likely that the conformational change of G which drives membrane fusion is different from that of native to inactive G.
From radiation inactivation analysis, Bundo-Morita et al. (1988) have suggested that, in the case of VSV, more than one trimer of G is necessary for inducing fusion. In the case of rabies virus, when only half of the spikes are in the inactivated state, at pH 6-7, the virion is unable to induce membrane fusion and this also indicates a requirement for several trimers in the fusion complex.
Identification of the rhabdovirus 'fusion peptide'
Unlike HA, rhabdovirus glycoproteins do not undergo an activating cleavage to generate an amino-terminal fusion peptide. Primary sequence analysis of G does not show hydrophobic sequences other than the signal sequence and the trans-membrane domain and there are no obvious homologies with other identified fusion peptides. Therefore, regions of the glycoprotein interacting with the target (or viral) membrane during fusion remain to be identified. In the case of VSV, it has been suggested that a conserved uncharged sequence (aa 118-136) may play the role of a fusogenic domain (Ohnishi, 1988) . This hypothesis was strengthened by the fact that a glycosylation mutant containing an extra oligosaccharide side chain in the proximity of this uncharged segment was unable to induce cell fusion (Whitt et al., 1990) . More recently, linker insertion mutagenesis and site directed mutagenesis in this region of the glycoprotein (Li et al., 1993; Zhang & Ghosh, 1994) , was shown to block the fusion activity or to lower the pH optimum for fusion. However, there is no homology between rabies virus and VSV G in this region (Rose et al. 1982) . A problem with the mutagenesis approach is that the mutations may also stabilize the glycoprotein in the native (or even the inactive) conformation and thus, may modify fusion properties without being located in the 'fusion peptide'. Indeed, mutations in other regions of G do modify its fusion properties (Li et al., 1993) .
We therefore decided to use the photolabelling approach described above to identify regions of the glycoprotein interacting with the viral or target membrane prior to and during fusion. Virus and detergent isolated rosettes of G were allowed to interact with large unilamellar vesicles at various pH and temperature values. After UV photolysis, the purified glycoprotein was submitted to CnBr digestion and the labelled fragments were identified by protein sequencing. It appears that the initial interaction between virus and liposomes (in prefusion conditions: pH 6.4 in the cold) is mediated by a region which includes the above mentioned uncharged segment of VSV. The labelled CNBr fragments correspond to aa 102-179 for rabies virus and aa 58-221 for VSV (Durrer et al., 1995) .
Alphaviruses
General
In this part, we focus on Semliki Forest virus (SFV), which is the best characterized virus of the alphavirus genus. Fusion is mediated by the viral spike protein which is a heterotrimer of two trans-membrane subunits, E1 and E2, plus a peripheral protein E3 (reviewed in Schlesinger & Schlesinger, 1986; Simons & Warren, 1984) . E1 is considered to be the fusion protein since virus particles devoid of E2 and E3 after trypsin treatment are still infectious (Omar & Koblet, 1988) and E2/E3 expressed alone are fusion negative (KondorKoch et al., 1983) .
Kinetics o f fusion
Fusion of SFV has been studied in various model systems. In particular, SFV has been shown to fuse with target liposomes provided they contain cholesterol (White & Helenius, 1980; Kielian & Helenius, 1984; Bron et al., 1993 b) and sphingolipids (Nieva et al., 1994) . The cholesterol dependence for fusion has also been demonstrated in cell culture (Phalen & Kielian, 1991) . Recently, biosynthetically labelled SFV grown in the presence of pyrene fatty acids Bron et al., 1993 b; Nieva et al., 1994) , was used to follow the kinetics of viral fusion with liposomes. As for influenza, the onset of fusion is preceded by a lag-time, the duration of which depends on pH and temperature. This delay time increases with pH up to the threshold pH value for fusion which is about 6'2.
Patch-clamp studies have also been performed on SFV infected insect cells (Lanzrein et al., 1993) . Fusion pores were observed upon acidification after a delay of variable duration. It seems that the initial fusion pore is no wider than an ion channel. No flickering of the intercellular current was observed suggesting that, in contrast to influenza virus fusion, the first cytoplasmic connections are irreversible.
Conformational changes of the spikes at low pH
The spikes of SFV are synthesized as a trimer of a heterodimer p62E1 precursor. Shortly before budding, p62 is cleaved to E2 and E3, which is necessary for the virus to be fusogenic at physiological pH (Lobigs & Garoff, 1990; Lobigs et al., 1990) . The reason for having an uncleaved precursor is to prevent fusion during transport through the acidic compartments of the Golgi apparatus The cleavage of p62 seems to facilitate the disruption of the heterodimeric E1E2 at low pH (Salminen et al., 1992; Kenney et al., 1994) . After this dissociation, E1 reorganizes itself into homotrimers Kenney et al., 1994) . E1 becomes trypsin resistant and exposes a new epitope recognized by a monoclonal antibody which is able to inhibit virus penetration into cells and SFV mediated cell fusion .
These conformational changes (dissociation of E1E2 and trimerization of El) occur during the lag-phase preceding fusion (Justman et al., 1993; Bron et al., 1993 b) . They do not require cholesterol or even a target membrane (Kielian et al., 1990; Phalen & Kielian, 1991 ; although trimerization is enhanced in the presence of cholesterol-containing membranes (Justman et al., 1993) . It seems that cholesterol is required for virus binding to the target membrane during the fusion process (Nieva et al., 1994) . However, cholesterol is not sufficient; low levels of sphingolipids are also required and may act as cofactors, possibly to activate the viral fusion protein (Nieva et al., 1994) .
Analysis of numerous alphavirus E1 primary sequences has revealed a highly conserved apolar domain of 23 amino acids situated 75 residues from the amino terminus of E1 which has been proposed to be the fusion peptide (Garoffet al., 1980) . Mutations of amino acids in this region modify the viral fusion properties (LevyMintz & Kielian, 1991) .
Until recently, there was no X-ray structural information available on the SFV spikes. However, recent elucidation of the structure of the E protein of tick-borne encephalitis virus (a member of the flavivirus genus, which is related to the alphavirus genus) for which fusion regulation is similar to that of alphaviruses (Guirakhoo et al., 1989 (Guirakhoo et al., , 1991 Heinz et al., 1994) will probably give new information on the fusion mechanism of this virus group.
Final remarks
Despite substantial progress in defining the topology and structure of the HA molecule, we are not yet in a position to propose a reasonable mechanism which can explain all major observations. The amount of information on fusion kinetics, glycoprotein conformations and fusion pore formation for the rhabdo-and alphaviruses is less extensive than that for influenza virus. More information on these and other viral systems and searching for general principles of virus-induced membrane fusion will provide insights into influenza virus fusion and other cellular fusion processes (White, 1992) . Beside the difficulties in elucidating the structure of the fusogenic conformation of HA (and other fusion proteins), a limiting factor is that we have little precise knowledge regarding the properties and the forces acting between two membranes. Recent studies using a surface force Y. Gaudin, R. W. H. Ruigrok and J. Brunner Fig. 3 . Electron micrographs of fused VSV particles negatively stained with 1% sodium silicotungstate as in Barge et al. (1993) , Virus was incubated at pH 6,35 on ice for 10 min and then for 2 h at 37 °C (a) or pH 5.5 for 5 rain at room temperature (b). The arrowheads show particles where the stain has penetrated the virus and where the flat ends of two nucleocapsid coils are touching and a continuous membrane can be seen. An unfused virus particle with its flat base and rounded tip is indicated by an arrow in (a). The bar indicates 100 nm. a p p a r a t u s , or atomic force microscopy, techniques to measure directly the forces between membranes, suggest that long-range attractive forces between structurally perturbed bilayers m a y be the relevant force in m e m b r a n e fusion (Helm et al., 1989; Tsao et al., 1993) . If so, this would imply that p r o t e i n -l i p i d interactions would have to be studied in much greater detail.
To conclude this review, we w o u l d like to m e n t i o n a factor that, so far, we have left out of our discussions; this is the structure o f the virus particles and the possible influence of other viral proteins on fusion.
R h a b d o v i r u s e s are not spherically symmetrical but have a polarized bullet shape. It is possible that virus shape has an influence on which part o f the virus is most apt for fusing with the target membrane. W h e n we incubated VSV at low pH, we observed virus particles that were fused together at their blunt ends (Fig. 3) . This m a y be due to a smaller radius of curvature o f the m e m b r a n e at this viral pole or to interaction between the m a t r i x protein and the inner leaflet o f the viral m e m b r a n e at this site (Barge et al., 1993) . It is likely that the inner leaflet of the viral m e m b r a n e at this position is enriched in negatively charged phospholipids (Pal & Wagner, 1987) which may have an influence on membrane fusion. It could be that polarized fusion is important for efficient delivery of the nucleocapsid into the cytoplasm. Influenza virus contains a small amount of the tetrameric trans-membrane protein M2 (Zebedee & Lamb, 1988 Receptor recognition, membrane fusion, disassembly of the core and transport of the replication machinery to the correct cell compartment are all essential for viral replication. In this review we have only focussed on one step in the infection process.
